This paper describes our development of a rapid on-line column/ID-ICP-MS technique for the analysis of plutonium (Pu) in environmental samples using an UTEVA ® extraction chromatograph resin (UTEVA resin) column. It took only 40 min to separate and measure Pu in the sample solution, including the time for conditioning the resin column for the next analysis. In our method, Pu in a 3 M nitric acid solution was fed to the UTEVA resin, and then eluted from the resin by reducing Pu to Pu(III) with 3 M nitric acid mixed with 0.01 M ascorbic acid after washing the resin. The outflow from the resin column was directly introduced to an ICP-MS system. The low concentration of ascorbic acid and the small volume of the eluting solution (0.6 mL) made successive stable analysis possible without any skimmer cone clogging. The chemical recovery of Pu during column operation was 70%, and typical lower detection limits for 239 Pu, 240 Pu and 242 Pu were 9.2, 4.3 and 7.5 fg (21, 36 and 1.1 µBq), respectively. We analyzed five international standard materials for Pu, and obtained good results.
Introduction
A large amount of plutonium (Pu) is produced in the nuclear power production, and is handled in nuclear fuel reprocessing facilities. Since Pu has significant radio-toxicity to organisms, research of its behavior in the environment is important for assessing of the risk from Pu released to the environment. Although various environmental samples need to be analyzed for such research, the chemical separation of low-level Pu in samples was troublesome and time consuming. To establish a rapid and simple determination method for Pu isotopes in environmental samples, we coupled the on-line column separation of Pu using UTEVA ® extraction chromatography resin (UTEVA resin, Eichrom Technologies Inc. US) with inductively coupled plasma-mass spectrometry (ICP-MS).
The UTEVA resin was originally developed by Horwitz et al. 1 to concentrate U(VI), and is comprised of diamylamylphosphonate adsorbed on an inert polymeric support. The resin has also been used for the chemical separation of Pu because of its strong affinity to Pu. [1] [2] [3] [4] Since mono-, di-and trivalent ions are not adsorbed onto the resin, 1 most matrix elements in environmental samples are effectively separated from Pu.
ICP-MS is a rapid and powerful method for the determination of Pu as well as the Pu isotopic ratio in environmental samples, [5] [6] [7] [8] and is a suitable method for flow-injection analysis (FIA). 9, 10 Since FIA, such as an on-line column system, has abilities to separate analytes from matrix elements and concentrate them, the technique serves for the determination of low-concentration elements, including a radionuclides, in environmental samples. 10, 11 Recently, the on-line separation technique has been widely used in the field of environmental analysis because of the following advantages: reducing contamination caused by a closed system; a small volume of reagents and a small amount of sample; column reusability. 10 Although the on-line ICP-MS using the UTEVA resin for Pu analysis was promising for savings in time for analysis and in the amount of reagents used, it has not yet been established, mainly because of interference of the constituents in the eluate to the ICP-MS system. We found a suitable eluting solution for this purpose, and developed a simple and rapid on-line column separation method for Pu and its determination with ID-ICP-MS. This paper describes the method and its successful application to standard samples.
Experimental

Instrumentation
All measurements were made on a PQ-ExCell-s ® quadrupoletype inductively coupled plasma mass spectrometer (VG Elemental, UK), which had an extra high voltage (1.8 kV) for the extraction lens and an additional S-pump at the first vacuum stage (0.8 mbar). The sample solution was fed into the ICP-MS system with an ultrasonic nebulizer (U-6000AT +® , Cetac Technologies, USA). The measurement conditions are listed in Table 1 . The concentrations of 239 Pu and 240 Pu in sample solution were determined by the isotope dilution method with certified 242 Pu. To evaluate the interference of 238 UH + on m/z 239, the count rate at m/z 238 (
On-line pretreatment system
A glass mini column (Omnifit Ltd., UK, 6 mm inner diameter × 72 mm length) was filled with 1.2 g of UTEVA resin (Eichrom Industries, USA) and connected to an integrated liquid handling system (PrepLab ® system, VG Elemental, UK) with 6-way valves and including six ports, two pinch valves and two peristaltic pumps. The output of one port was directly introduced into the ICP-MS system. The flow rate was controlled at 0.58 ml min -1 for the sample solution and elution, and was 1.2 ml min -1 for the washing solution.
Reagents and samples
A 238 U standard was prepared by diluting a mixed standard solution (Spex Industries, USA) to 5.8 ng g -1 with 3 M nitric acid. A standard solution of 242 Pu (SRM-4334G, National Institute of Standards and Technology, USA) was diluted to 1.16 pg g -1 with 3 M nitric acid by gravimetry. Nitric acid was EL grade (Mitsubishi Chemical, Ltd., Japan). Ascorbic acid was obtained from Kanto Kagaku Co., Japan. Water purified in a Milli-Q ® system (Millipore Co., USA) was used throughout this study. To examine the reliability of determining of the 239+240 Pu concentration, two IAEA certified materials [IAEA-368 (ocean sediment of the Mururoa Atoll) and IAEA-SOIL-6 (soil in Austria)], and three NIST certified materials [SRM-4350b (river sediment), SRM-4354 (freshwater lake sediment), SRM-4357 (ocean sediment off the coast of Sellafield, UK)] were obtained from the International Atomic Energy Agency (IAEA, Austria) and National Institute of Standards and Technology (NIST, USA), respectively.
Sample preparation
A known amount of 242 Pu (0.58 pg; 0.5 ml of a 1.16 pg g -1 stock solution) was spiked to a 1 g sample of the reference soil or sediment as a recovery monitor, which was used in determining the Pu concentration by the isotope dilution method. These samples were ashed at 450˚C for 8 h in order to decompose any organic matter. Then, 50 ml of 8 M nitric acid was added to the sample, and Pu was extracted by boiling on a hot plate for 5 h with stirring. The extracted solution was filtered (GF/C, φ = 47 mm, Whatman, US) to remove any residual materials, and the filtrate was evaporated to dryness on a hot plate. This residue was dissolved with 6 ml of 3 M nitric acid. We checked the production ratio of the 238 U hydride ion in our system by using a certified 238 U solution. The UH + /U + ratio in our system was about 1.5 × 10 -5 , which was similar to other reported ratios, i.e. 1.1 × 10 -5 found by Becker et al., 14 1.4 × 10 -5 by Kim et al. 10 and 1.8 × 10 -5 by Crain and Alvarado. 13 From this result, we concluded that the 238 U concentration in the sample solution must be under 20 pg g -1 for an accurate low-level Pu determination.
Results and Discussion
Pu separation from U using UTEVA resin
Almost no mono, di, and tri-valent ions of matrix elements in the leaching solution of soil or sediment samples are adsorbed onto the UTEVA resin from a 3 M nitric acid solution. 1 It is well known that Pu(IV) and U(VI) strongly adsorb onto the resin from a 3 M nitric acid solution. 1 Since the most likely valance states of Pu and U in the solution are tetravalent and hexavalent, respectively, 15 both elements are retained in the resin. Since Pu(III) desorbs from the UTEVA resin, 16, 18 reducing Pu to the trivalent state, but retaining U in the tetravalent state, is an effective method for the separation of Pu from U. Various reagents can reduce Pu to the trivalent state and keep U as tetravalent, e.g. ammonium iodide, 16 iron(II) sulfate, 16 sodium sulfite, 16 Ti(III) chloride 17 and ascorbic acid. 16, 18 We selected ascorbic acid because it reduces Pu very rapidly. In addition, ascorbic acid would not interfere in ICP-MS, since it is completely decomposed in a plasma torch.
After the sample solution was fed to a column, Pu was eluted with 6 ml of a 0.01 M ascorbic acid + 3 M HNO3 solution after washing with 10 ml of 3 M HNO3. A detailed separation program of Pu and a schematic diagram of the PrepLab ® system for column handling are given in Table 2 and Fig. 1 , respectively. As shown in Fig. 1 , port 1 of the V2 valve was directly connected to the ICP-MS system.
The low concentration of ascorbic acid and small volume of the eluate (0.6 mL) to introduce the ICP-MS system made successive analysis possible without any skimmer cone clogging.
Experimental solution samples containing both Pu and U were analyzed by our system to check the separation of Pu from U by introducing an eluate from the column directly into the ICP-MS. Typical chromatograms of the Pu and U mixture solution sample are shown in Fig. 2 . During washing (step 4), both Pu and U were not detected in the eluate. When the eluent for Pu, a mixed solution of nitric acid and ascorbic acid, was introduced into the column, Pu was eluted immediately, and was completely recovered in 5 min (step 5). U was not eluted in this step, and the resultant decontamination factor for U was evaluated to be 10 6 to 10 7 . Since almost all of the U was recovered using diluted nitric acid (step 6), a U analysis would also be possible using this procedure, if desired.
It took 40 min to determine Pu in the sample solution through Table 2 , including the time for resin-column conditioning. Various rapid Pu separation methods for environmental samples using an extraction chromatographic resin, such as UTEVA resin, or an anion-exchange resin disk, have been reported. [2] [3] [4] 10, 13, [16] [17] [18] [19] The typical time required for separation by these methods was over 1 h. When the eluate contained constituents to interfere with an ICP-MS system, the eluate evaporated up to dryness, and the residue was again dissolved in a solution suitable for introducing to the ICP-MS system. It took an additional hour or more. Compared with these methods, our method has an advantage in speed.
Analysis of international reference materials
In order to examine the accuracy and reproducibility of this method, five international standard materials having certified values for 239+240 Pu concentrations were analyzed. All of the reference materials were analyzed three times under the same conditions. The results obtained for 240 Pu/ 239 Pu atom ratio and 239+240 Pu concentration are summarized in Table 3 . The measurement results agreed well with the certified 239+240 Pu concentrations. Our 240 Pu/ 239 Pu atom ratios of IAEA-368, IAEA-SOIL-6 and SRM-4350b were calculated as 0.042 ± 0.003, 0.186 ± 0.006 and 0.117 ± 0.004, respectively, which agree well with the reported data. 8, 10 Determination limit for Pu isotopes
The typical instrumental determination limit for 239 Pu using the ICP-MS was evaluated as 4.0 fg ml -1 from blank solution analyses (n = 5) under the assumption of a Type-I error (α) < 0.05 and a Type-II error (β) < 0.05. Practically, the assumption gives the sum of the mean value and 4-times the standard deviation as the determination limit. 20 Typical determination limits for 239 Pu, 240 Pu Off-line analyses of five samples of SRM-4354 revealed that the chemical recovery of Pu in the column separation procedure was 70 ± 4%. We measured the Pu concentrations in 103 soil samples collected in paddy fields, and 20 sediment samples by the off-line method, and obtained 70 ± 8% and 73 ± 4% chemical recoveries, respectively. These results showed that the off-line method was also practical in its own way. Since we could simultaneously use the additional off-line column systems, the off-line method may be suitable for treating many samples in a short period. Under the assumption that the chemical recovery of Pu was 70%, about 140 mg of a sample would be needed when the 239+240 Pu concentration of a sample is 1 Bq kg -1 and the 240 Pu/ 239 Pu atom ratio is 0.18 (the global Pu fallout ratio). (8) 0.18 ± 0.01 (10) 
